internal photoemission has been observed in GaAs-Gao,5,1no,4sP p-1-N hecerojunction photodiodes grown by gas source molecular beam epitaxy. Threshold energies associated with this photocurrent mechanism have been accurately measured. Simple anal.ysis provides a precise determination of the energy-band discontinuities in this heterostructure material system. The results indicate a conduction-band discontinuity of A&',= 108 f 6 meV at room temperature.
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The GaAs-AlGaInP lattice-matched material system is important for the fabrication of visible light-emitting devices and has attracted interest for heterojunction bipolar transistor applications. One of the most important pieces of information needed for understanding the behavior of devices made in this, or any heterostructure material system, is the alignment of the energy-band extrema. Such information may be extracted by a variety of indirect methods. Reports of measured values for the conduction-band discontinuity, A& at GaAs-GaInP heterointerfaces range from 30 to 390 meV. The techniques used include Kroemer's capacitance-voltage (C-V) technique ( 190, 220 meV),'** deep level transient spectroscopy of quantum wells ( 198 meV),3 and analyses of two-dimensional electron gases ( 390 meV) ,4 and heterojunction bipolar transistors (30 meV). ' One of the most direct techniques available for studying band offsets is the analysis of internal photoemission in p-N heterojunctions.6*7 We have fabricated GaAs-GaInP p-1-N heterojunction photodiodes and measured the internal photoemission at the heterointerface. The epitaxial layers were grown by gas source molecular beam epitaxy ( GSMBE).8 The growth schedule began with a buffer Iayer of n-GaAs on an n * -GaAs substrate, followed by a 1.0~pm-thick layer of Gae&~e~~P. The first 0.2 pm of this GaeszI%,4sP layer was doped n-type with Si, the remainder being unintentionally doped. The top layer was 0.1 ,um of p + -GaAs, doped top = 3 X lOI cm -3 with Be. The sample exhibited nearly perfect morphology and a narrow linewidth (25 arcsec) in double-crystal x-ray measurements using the (400) reflection. Room-temperature photoluminescence exhibited a peak at 1.885 eV. Diodes were fabricated by evaporating Ti-Au contacts and mesa etching. Capacitance-voltage measurements of the finished diodes showed that the unintentionally doped GaInP was fully depleted at zero bias and showed no anomalous behavior that might be associated with interface defects.
The spectral response of these devices was measured with standard lock-in amplifier techniques. A tungstenhalogen light source and grating monochrometer were used with careful attention to the application of optical filters to minimize higher order and stray light. A beamsplitter was used to illuminate a reference detector while an optical fiber guided the rest of the light to the sample. The entire system is fully computer controlled and was calibrated with a Si photodiode standard. Subsequently, the computer was used to compensate for the spectral characteristics of the optic!; and the reference detector.
The spectral response of a typical GaAs-GaInP photodiode is shown in Fig. 1 . These data were taken at room temperature and zero bias with the light incident on the top (the thin p+ -GaAs layer). Three distinct regimes are visible in these data. At photon energies, hv, greater than the band gap of the GaInP (1.885 eV), the quantum efliciency is constant at about 0.5. At energies less than 1.89 eV, the quantum efficiency drops precipitously, and in the range 1.50 < hv < 1.85 eV, it is dominated by internal photoemission. This mechanism is illustrated in the inset of Fig. 1 . The photon is absorbed in the p + -GaAs layer, stimulating a transition from either the valence band or the acceptor band to a state high in the conduction band. From there, some of these hot electrons surmount the barrier at the GaAs-GaInP interface and are collected, generating photocurrent. The lowest energy photon that can generate photocurrent by this. mechanism' has energy hvp= Eg -if& + cp,
where hvr is the threshold energy, Eg is the band-gap energy of GaAs ( 1.424 eV), EA is the acceptor ionization energy (28 meV>, and c9 is the heterobarrier energy associated with the conduction-band discontinuity; @=: AE,
The actual height of the heterobarrier is slightly less than A& due to barrier lowering effects which include band bending in the GaAs, image force, and tunneling. These small corrections are considered below. At photon energies below the threshold energy (about 1.5 eV), the quantum efficiency is dominated by absorption in the GaAs layer and subsequent thermionic emission of some of the photogenerated electrons over the heterobarrier. As expected, the strength of this mechanism decreases precipitously at photon energies below the GaAs band-gap energy as the absorption becomes negligible.
In order to obtain a value for A,?& from such data, one must accurately determine the threshold energy. The first step is to fit a line to the background thermionic emission at photon energies below threshold, and subtract that component from the photoresponse. Then, using the standard analysis methodology for photoemission experiments, the threshold energy is determined by extrapolation of a power-law fit to the data.' To determine the appropriate exponent for the power law, a log-log fit was first employed. The measured quantum efficiency 7 was found to follow the relationship 7 a (hv -hvT)3,
with excellent precision in the exponent (3.OAO.l). In Fig. 2 , the threshold energy is determined by extrapolations of linear fits to v"~ for different values of reverse bias. The precision and reproducibility of these measurements are remarkable. Variations in hvr from diode to diode are consistently less than =t=3 meV.
The heterobarrier energy Cp may be directly calculated from Eq. ( 1). result of a simple model that accounts for the barrier lowering effects of band bending, image force, and hot-electron tunneling. Excellent agreement with the data is achieved for AE, = 108 meV. At zero bias, the combined barrier lowering effects total 23 meV.
Because the results of this experiment indicate a value of AEc that is generally lower than previous reports, a comment is in order. With the internal photoemission technique, there are two mechanisms that could conceivably lead to erroneously low values of AE, The first is interface grading.' However, in our experiment, the electric field in the diodes is so low at the interface ( 17 kV/cm at zero bias) that the grading would have to extend over 500 A to explain the 100 meV discrepancy between the present results and some of the previous reports. Studies of similar GaAs-GaInP interfaces have shown them to be abrupt on a monolayer (3 A) scale. lo The other conceivable source of error is positive interface charge. In this case, an interface defect concentration of 1012 cm -2 (which is virtually unheard of at high quality lattice-matched interfaces), would cause only a 24 meV error, due to band bending in the p + -GaAs. Either of these potential problems would affect the excellent agreement between the results of the barrier lowering model and experiment. We therefore estimate the uncertainty of our value of AE, to be *6 meV, based on experimental precision and the estimated width of the acceptor band.
In conclusion, analysis of internal photoemission in GaAs-GaInP p-1-N heterojunction photodiodes has provided very precise measurements of the band offsets. The results indicate AE, = 108h6 meV at room temperature.
Therefore, using a value of 1.885*0.005 eV for the band gap of GaInP we infer that AE, the valence-band offset, is 353* 11 meV.
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